Abstract Polyethylene glycol (PEG) is widely utilized in drug delivery and nanotechnology due to its reported "stealth" properties and biocompatibility. It is generally thought that PEGylation allows particulate delivery systems and biomaterials to evade the immune system and thereby prolong circulation lifetimes. However, numerous studies over the past decade have demonstrated that PEGylation causes significant reductions in drug delivery, including enhanced serum protein binding, reduced uptake by target cells, and the elicitation of an immune response that facilitates clearance in vivo. This report reviews some of the extensive literature documenting the detrimental effects of PEGylation, and thereby questions the wisdom behind employing this strategy in drug development.
The ultimate goal of pharmaceutical therapy is to administer a therapeutic agent by a route that achieves maximum bioavailability and minimal toxicity. Considering that bioavailability is typically equated with blood levels over time (AUC), it is desirable to evade rapid clearance from the blood, thereby extending circulation times. For relatively low molecule weight drugs (≤≈40 kDa; e.g., small molecules, oligonucleotides, and siRNA), clearance is predominantly through the renal system. Accordingly, conjugation of low molecular weight drugs to albumin or a polymer can be used to increase their effective molecular weight above the threshold for glomerular filtration, which allows the conjugated therapeutic to remain in the circulation for prolonged periods. Large molecular weight (20-50 kDa) polyethylene glycol (PEG) has proven to be useful for avoiding rapid renal clearance and extending circulation lifetimes [1] . A fundamentally different problem is faced by particulate delivery systems (e.g., nanoparticles) that are too large to be cleared through the kidney. In these cases, the liver is the predominant organ involved in clearance and scientists have joked that the definition of a nanoparticle is "anything that accumulates in the liver" [2] . It follows that strategies to avoid liver clearance and enhance circulation lifetimes have been pursued, and the attachment of low molecular weight PEG (2-5 kDa) has been demonstrated to extend blood half-life of many nanoparticles [1] .
Just like other larger particles, e.g., bacteria, nanoparticles adsorb many different plasma proteins that may interact with the mononuclear phagocyte system (MPS), a process called opsonization. The amount and specificity of these proteins may vary and depends on the characteristics of the nanoparticle. Opsonization is known to play a major role in clearance of particles as one or more of these proteins may interact with specific receptors on the surface of macrophages and hepatocytes in the liver [3] . It is generally assumed that the mechanism by which PEGylation extends circulation times involves a significant reduction in opsonization, which is responsible for its "stealth" behavior [4] [5] [6] [7] [8] . Consistent with this notion, studies have correlated the extent of protein adsorption (as an indicator of opsonization) with half-life in the blood and measured reduced protein binding to nanoparticles incorporating PEGylated components [8, 9] . Indeed, the presence of PEG on the surface of a nanoparticle is thought to mask surface charge (as indicated by a near-neutral zeta potential) and create a hydrophilic barrier that sterically prevents protein adsorption [8, 10] .
In contrast to the above, some studies have reported that PEGylation does not increase circulation times [1] , while other researchers have demonstrated that PEGylation extends circulation half-life but does not reduce protein binding [11, 12] . In fact, several studies have reported that PEGylation increases protein adsorption, suggesting that the binding of specific proteins involved in clearance might be preferentially inhibited by PEG [13, 14] . Alternatively, it has been suggested that PEG may preferentially bind proteins that function as "dysopsonins," i.e., proteins that prevent opsonization [11] . Consistent with the studies cited above, Fig. 1 shows data from our laboratory indicating that PEGylation of lipoplexes dramatically increases the extent of serum protein binding compared to non-pegylated lipoplexes. Furthermore, our recent publication also demonstrates that small proteins (potentially protein fragments) bind to PEGylated nanoparticles that are not adsorbed to particles lacking PEG [14] . While it has been shown that the density/conformation of PEG molecules on the surface affects protein binding [6, 11, 15] , studies demonstrating enhanced serum protein binding and the adsorption of specific proteins after PEGylation raise significant questions about the ability of PEG to prevent/reduce interactions with serum proteins.
Considering the interaction with MPS and subsequent clearance, many researchers have conducted experiments to determine the extent to which formulation variables alter particle uptake by macrophages in culture. These in vitro experiments have clearly demonstrated that PEGylation can decrease uptake by macrophages, and this effect is thought to be responsible for the ability of PEG to prolong circulation times in vivo [6, [16] [17] [18] . Enhanced circulation times are also thought to permit greater accumulation in tumors via the enhanced permeation and retention effect (EPR) [19] [20] [21] . Intuitively, it makes sense that prolonged circulation times would provide more opportunities for delivery systems to extravasate through "leaky" vasculature. However, as PEGylation reduces interaction with MPS due to its shielding properties, PEGylation would also be expected to inhibit interactions with the tumor cells (e.g., via a receptor) and thereby compromise uptake by the target tissue. Indeed, studies have consistently shown that PEG also inhibits uptake by numerous cell lines [22] [23] [24] [25] . While uptake into cells may not be critical for some applications, such as chemotherapeutic agents for which localization to the vicinity of the tumor could be advantageous, therapeutic efficacy of some agents (e.g., RNA, DNA) is dependent on cell uptake and access to intracellular machinery. In this regard, the detrimental effect of PEG is abundantly evident in gene and siRNA delivery studies showing that transfection and silencing rates are progressively decreased with PEGylation [22, 26] . In fact, PEGylation levels as low as 0.5 % have been shown to significantly reduce transfection [27] . Our experiments are consistent with this observation, and we observe an order of magnitude decrease in transfection at 0.4 % PEG and a >100-fold decrease at 1 % PEG (Fig. 2 )! These data demonstrate that therapeutic gene expression in the target tissue may be significantly compromised by PEGylation.
While it is typically assumed that the observed decrease in transfection is the result of reduced uptake, Harvie et al. [22] showed conclusively that transfection rates were compromised to a greater extent than can be explained by reduced uptake and suggested that PEG must interfere with intracellular processes that are critical to the transfection process. Subsequent studies have employed various strategies for removing PEG such that it does not compromise delivery to the target tissue. One of the early approaches was to simply shorten the lipid anchor to which the PEG was conjugated, thereby promoting diffusion out of the lipid-based delivery system ("programmed delivery") [28] . More sophisticated approaches have since been designed whereby the PEG is attached by linkers that are cleaved by specific enzymes relevant to tumors (MMP-sensitive) [29] or by the low pH conditions encountered after cellular uptake [26] . Taken together, these studies indicate that the PEGylated components responsible for prolonged circulation must be efficiently removed to maximize delivery. Clearly, there is a balancing act between employing increased PEG levels in an [24] attempt to enhance deposition via EPR versus reducing PEG to ensure maximum uptake/delivery to the target tissue. It is also important to recognize that PEG is not biodegradable, and thus, the ultimate fate of PEG and potential adverse effects due to its accumulation is unknown [30] . As discussed above, many reports have described results that contradict long held beliefs with regards to the effects of PEGylation on protein binding and cell uptake. Similarly, it is generally thought that PEG is biologically inert, and therefore, it is assumed that PEGylation endows biocompatibility to foreign materials and suppresses or inhibits the immunogenicity of PEG conjugates. However, our own findings and those of others stand in stark contrast to this common perception. More specifically, several papers in the last decade reported that an intravenous injection of PEG conjugates causes a second dose, injected a few days later, to lose its long circulating characteristics. This phenomenon is referred to as the accelerated blood clearance (ABC) and is observed with PEGylated proteins, liposomes, micelles, and nanocarriers [31] [32] [33] [34] [35] [36] . One of the reasons why the immunogenicity of PEG has not gained much attention is that most studies focus on a potential immune response against the active protein or drug delivery system due to the general belief that PEG is non-immunogenic. Briefly, the ABC phenomenon is thought to result from anti-PEG IgM produced by the spleen in response to a previously administered dose [37] [38] [39] . However, IgM antibodies are unable to directly promote either endocytosis or phagocytosis. It is therefore hypothesized that antibodies generated in response to the initial injection bind to the subsequently administered dose of PEGylated particles and form a complex with one or more serum components which are then recognized and cleared by MPS due to phagocytosis of Kupffer cells in the liver [38] [39] [40] [41] .
Because several studies have shown that no memory is established, the immune response seems to be elicited by the innate immune system. The innate immune system is one of the evolutionary older systems able to recognize pathogen-specific antigens consisting of repeating structures such as lipopolysaccharides on the cell walls of Gram-negative bacteria and can subsequently produce antibodies without help from T cells [42, 43] . Indeed, Li et al. showed that intravenous administration of PEGylated liposomes in beagles only resulted in the ABC phenomenon when the time interval was up to 3 weeks, as no phenomenon was observed when the time interval was prolonged to 4 weeks [44] . This was also confirmed by Ishihara et al. who showed that anti-PEG IgM disappeared when there was sufficient time between the first and second injections [45] . Compared to controls, the ABC phenomenon was induced by the first injection and was most apparent at day 7. However, after day 7, the ABC phenomenon attenuated and disappeared at day 28 [45] . Interestingly, the induction of anti-PEG IgM seems to have an inverse relationship with the quantity of the first dose [44, 46, 47] . In order to induce an antibody response, an optimal amount of TI-2 antigens need to cross-link with B cells. It is thought that when a high dose (5 μmol/kg) of PEGylated liposomes is administered as a first dose, the density of TI-2 antigens is too high, which causes MZ B cells to induce immune tolerance or anergy [47, 48] . Indeed, Wang et al. found that a low-dose of 0.001 μmol/kg is the optimal dose to induce the production of anti-PEG IgM [39] . In addition, it has been shown that subsequent receptor signaling is needed to maintain anergy of B cells. As higher doses lead to prolonged circulation, PEGylated liposomes bind longer to MZ B cells which might contribute to immune tolerance or anergy as well [47] . It was observed that 5 mol % PEGylated liposomes had the highest clearance rate and hepatic uptake, and both clearance and hepatic uptake were attenuated when the PEG-to-lipid ratio was increased. However, splenic accumulation was similar for all different PEG-to-lipid ratios [46] .
In studying the production of antibodies in response to IV administration of PEGylated asparaginase, Armstrong et al. (2007) observed that 46 % of patients developed anti-PEG antibodies during therapy which accelerated the clearance of subsequent injections [49] . Even more alarming, the data indicate that 25 % of patients had pre-existing anti-PEG antibodies prior to treatment! The authors proposed that the presence of pre-existing anti-PEG antibodies was due to the presence of PEG in many common cosmetic products to which patients had likely been repeatedly exposed [49] . A more recent clinical study has shown that similar responses are elicited upon IM administration [50] .
Interestingly, in contrast to PEGylated nanoparticles, soluble "free" PEG does not activate complement in animal models and studies have shown that PEG must be conjugated to a sufficiently sized nanoparticle to cause the production of anti-PEG IgM [17, 18] . In addition, some studies have shown that methylation of the methoxy group on PEG conjugates to eliminate the anionic group can dramatically reduce the immune response [51, 52] . Furthermore, recent work has demonstrated that accelerated clearance is not observed at high doses of PEGylated liposomes containing cytotoxic drugs due to destruction of the B cells in the spleen responsible for the subsequent antibody response [53, 54] . Interestingly, lower doses of the drug exhibited ABC behavior, presumably due to inefficient killing of B cells involved in triggering anti-PEG antibodies.
Although the precise factors that elicit the ABC response have yet to be fully understood, the presence of anti-PEG antibodies in patients would greatly compromise the use of PEGylated delivery systems for therapy. Indeed, the potential for a significant portion (≈25 %) of patients to have pre-existing anti-PEG antibodies that would stimulate rapid clearance of PEGylated nanoparticles represents a monumental obstacle for the development of stealth delivery systems. While alternative polymers have been investigated as alternatives to PEG, none have proven as useful [1] . As mentioned, the mammalian immune system has evolved to recognize repetitive motifs, therein questioning the potential of polymers to serve as effective materials for systemic drug delivery [55, 56] . Clearly, the development of additional strategies for stabilizing delivery systems in blood is greatly needed [2, [57] [58] [59] .
In conclusion, the use of PEGylated components is generally thought to inhibit opsonization and serum protein binding such that nanoparticles and therapeutic proteins exhibit prolonged circulation times. However, some studies have shown minimal, and even negative, effects of PEGylation on both protein binding and circulation half-life. Other published studies have demonstrated that PEGylation reduces uptake and delivery to the target tissues, especially for therapeutic molecules requiring intracellular delivery (e.g., siRNA and genes). Furthermore, it is now well established that the inclusion of PEGylated components on nanoparticles and therapeutic proteins promotes complement activation and the production of anti-PEG antibodies that accelerate clearance upon subsequent injections and compromise therapeutic efficacy. Although a recent review has concluded that the lack of robust methodology for antibody detection does not allow firm conclusions regarding specific antibodies to PEG [60] , we feel that the strong reliance of drug delivery technologies on PEGylation is preventing progress toward development and clinical use. In the spirit of several recent reviews questioning the current research trends in drug delivery and nanotechnology [2, 61, 62] , we strongly suggest that the biological interactions with the MPS must be clearly elucidated and alternative strategies to PEGylation must be explored and validated. Furthermore, we feel that the accumulating evidence documenting the detrimental effects of PEG on drug delivery make it imperative that scientists in this field break their dependence on PEGylation and develop improved approaches for achieving adequate circulation times in order to realize the enormous clinical benefits of targeted drug delivery.
